One sentence summary: This study presents the first green-sulfur photoautotrophic Fe(II)-oxidizer isolated from a marine coastal sediment.
INTRODUCTION
Iron is an abundant redox-active element in the environment (Taylor and McLennan 1985; Raiswell and Canfield 2012) . The main redox states of Fe in the environment are Fe(II) and Fe(III). In the biogeochemical Fe cycle, Fe is transformed between these two redox states by different biotic and abiotic processes (Melton et al. 2014b) . At circumneutral pH, Fe(II) is rapidly oxidized abiotically by oxygen; the formed Fe(III) quickly undergoes hydrolysis and precipitates as Fe(III) minerals (Cornell and Schwertmann 2003; Majzlan, Navrotsky and Schwertmann 2004) .
Some neutrophilic Fe(II)-oxidizing bacteria can oxidize Fe(II) under microoxic conditions, where the abiotic oxidation by O 2 is slower so that microaerophilic microorganisms can outcompete the abiotic reaction (Emerson and Moyer 1997; Druschel et al. 2008) . Other neutrophilic Fe(II) oxidizers live under anoxic conditions and couple Fe(II) oxidation either to nitrate reduction or use Fe(II) as electron donor in anoxygenic photosynthesis (Widdel et al. 1993; Straub et al. 1996) . Anoxygenic photosynthesis with Fe(II) as electron donor (photoferrotrophy) is believed to be one of the most ancient metabolisms and is thought to have evolved before oxygenic photosynthesis (Canfield, Rosing and Bjerrum 2006; Xiong 2006) . The first isolates that were able to perform photoferrotrophy according to Equation 1 were obtained in 1993 (Widdel et al. 1993) . (1) During the Precambrian eon, photoferrotrophy could have been one important mechanism that led to the formation of massive Fe-Si rich sedimentary deposits, the banded iron formations (BIFs) (Beukes et al. 1992; Konhauser et al. 2002; Kappler et al. 2005; Posth et al. 2008; Bekker et al. 2010; Posth, Konhauser and Kappler 2013) . BIFs were formed between 3.85 and 1.8 billion years ago and represent the largest iron ore deposits on Earth (Bekker et al. 2010; Mloszewska et al. 2012) . To which extent photoferrotrophs have actually contributed to the formation of BIFs is still a matter of debate. To determine more precisely how much photoferrotrophs could have potentially contributed to BIF formation, and to identify possible biomarkers of photoferrotrophy (e.g. C or Fe isotope fractionation, mineralogical, organic or morphological markers), it is necessary to understand the metabolic potentials and the physiology of these organisms (Eickhoff et al. 2013; Swanner et al. 2015) .
HC O
Known photoferrotrophs belong to different groups of anoxygenic phototrophic bacteria: the green-sulfur, the purple-sulfur and purple non-sulfur bacteria (Ehrenreich and Widdel 1994; Heising et al. 1999; Croal et al. 2004; Jiao et al. 2005) . Of the currently existing isolates most are freshwater organisms (Ehrenreich and Widdel 1994; Heising et al. 1999; Jiao et al. 2005; Crowe et al. 2008; Llirós et al. 2015) . By now only two isolates of marine anoxygenic phototrophic Fe(II) oxidizers exist. These are the closely related purple non-sulfur bacteria Rhodovulum iodosum and R. robiginosum (Straub, Rainey and Widdel 1999) . Consequently, only a limited number of physiological studies with marine photoferrotrophs exist (Straub, Rainey and Widdel 1999; Wu et al. 2014) . Instead, most physiological studies from which also conclusions on photoferrotrophy in ancient oceans were drawn were performed with freshwater photoferrotrophs (Kappler and Newman 2004; Hegler et al. 2008; Schädler et al. 2009 ). For these freshwater photoferrotrophs, there are even some genes known that are involved in phototrophic Fe(II) oxidation. These genes are, however, not homologous among different isolates, what indicates that the different bacteria use different biochemical pathways (Croal, Jiao and Newman 2007) .
Recent studies in modern ferruginous lakes highlighted the potential importance of green-sulfur bacteria for Fe(II) oxidation under conditions that are comparable to conditions on early Earth (Crowe et al. 2008; Walter et al. 2014; Llirós et al. 2015) . Green-sulfur bacteria are especially adapted to thrive under low light intensities (Overmann 2006) . Furthermore, green-sulfur bacteria are metabolically more restricted than other anoxygenic phototrophs. Green-sulfur bacteria belonging to the family Chlorobiaceae are strict anaerobes and obligate phototrophs. Besides hydrogen and reduced sulfur compounds, bacteria within the Chlorobiaceae can utilize only a limited number of organic substrates (Overmann 2006; Imhoff 2014) . Besides the two marine isolates, which are both purple non-sulfur bacteria, there is virtually nothing known about marine photoferrotrophs and no isolate of a marine photoferrotrophic green-sulfur bacteria has been described and characterized so far. This illustrates the need for more studies and novel isolates of marine photoferrotrophs and most importantly photoferrotrophic green-sulfur bacteria.
In a previous study, we reported abundances and identities of photoferrotrophs at two coastal field sites in the Aarhus Bay area, Denmark (Laufer et al. 2016) . In this study, we characterize a newly isolated marine green-sulfur Fe(II)-oxidizing strain. We determined which organic and inorganic substrates other than Fe(II) can be used by the isolate for growth and quantified the influence of light intensity, pH, temperature and salinity on phototrophic Fe(II) oxidation rates. Moreover, the Fe(III) minerals that are produced by the isolate during Fe(II) oxidation were identified by Mössbauer spectroscopy and the cell-mineral associations were characterized by fluorescence microscopy and helium-ion microscopy (HIM).
MATERIAL AND METHODS

Isolation and cultivation of photoferrotrophs
The photoferrotrophic culture was isolated and cultivated in Hungate tubes (15 ml) containing 9 ml of anoxic artificial seawater (ASW) medium amended with 10 mM FeCl 2 . For standard cultivation, 10% inoculum was used. Incubation was done at 20
• C in an incubator that was illuminated by a fluorescent light tube (15 W, 5500 K). The ASW medium for isolation and standard cultivation had a salinity of 23. (Widdel and Pfennig 1981) , 1 ml of a trace element solution (Tschech and Pfennig 1984) and 1 ml of a selenite-tungstate solution (Widdel 1980) were added. The pH of the medium was adjusted to 6.8-7.0 with either anoxic 1 M HCl or anoxic 0.5 M Na 2 CO 3 . If not stated otherwise, the above-described standard cultivation conditions were applied in all experiments. The enrichment technique and the field site from which the sediment that was used for inoculation was sampled are described in detail in a previous publication (Laufer et al. 2016) . In short, the isolate described here originates from Norsminde Fjord, Denmark. The fjord is a shallow estuary with a narrow opening to the Baltic Sea. The sediment is muddy and organic rich. For enrichment, ca. 1 g of the sediment from Norsminde Fjord was added to a Hungate tube containing 9 ml ASW and a serial 10-fold dilution series was prepared up to a dilution of 10 −6 . When Fe(II) oxidation was visible (indicated by the formation of orange-rusty Fe(III) precipitates), growth was confirmed by fluorescence microscopy and LIVE/DEAD staining (Molecular Probes, Carlsbad, CA, USA). The highest positive dilution (indicated by presence of cells and active Fe(II) oxidation) was transferred and a new dilution series was prepared. The new dilution series was always prepared at least two dilution steps higher than the previous dilution series, to achieve isolation of a pure culture by the dilution-to-extinction method.
Phylogenetic analysis
DNA from a culture of the isolate that was grown under standard conditions was extracted with the UltraClean R Microbial DNA Isolation Kit (Mo Bio Laboratories Inc., Carlsbad, CA, USA) according to the instructions of the manufacturer. A PCR to obtain 16S rRNA gene fragments was performed with the general bacterial 16S rRNA gene-specific primers GM3-F (5 -AGAGTTTGATCMTGGCTCAG-3 ) (Muyzer et al. 1995) and 1392-R (5 -ACGGGCGGTGTGTRC-3 ) (Lane et al. 1985) . The resulting PCR products were loaded on a 1% agarose gel, and the bands were excised and cleaned with the Wizard PCR clean-up system (Promega Laboratories, WI, USA). The cleaned DNA was cloned into a plasmid vector using a PCR cloning kit (Qiagen, Germany). Vectors were transformed into competent cells (Escherichia coli DH5α) that were afterwards plated onto LB medium containing ampicillin, IPTG and XGal for blue/white screening. White colonies were picked and tested for their correct insert size. Overnight cultures were prepared from colonies with the correct inserts in 5 ml liquid LB medium containing ampicillin. Plasmid DNA was isolated from these cultures and sent to GATC Biotech (Konstanz, Germany) for sequencing. Three clones were picked and sequenced. The quality testing of the resulting sequences and trimming of the sequences were performed with the software Geneious R6 (Biomatters, http:// www.geneious.com). The sequences were then assigned to bacterial phyla using the online Ribosomal Database Project (RDP) naive Bayesian classifier version 2.2 (http://rdp.cme.msu.edu/classifier/classifier.jsp). Good quality sequences were uploaded to the EMBL Genbank database (accession number LT575234). For constructing a phylogenetic tree, the 16S rRNA gene sequences from the closest relative of the isolate and sequences of more distantly related anoxygenic phototrophic Fe(II)-oxidizing bacteria were downloaded from the EMBL database. Bacterial 16S rRNA gene sequences from three species belonging to different phyla than the Fe(II) oxidizer sequences were chosen as outgroups. ClustalW (Thompson, Higgins and Gibson 1994) was used for alignment of the 16S rRNA gene sequences. Phylogenetic trees were constructed by the maximum-likelihood method with the software package MEGA7 (Kumar, Stecher and Tamura 2016) .
Physiological characterization
Standard growth curve
To determine Fe(II) oxidation rates and cellular growth rates, the concentrations of Fe(II) and Fe(III), as well as cell numbers were quantified over time in cultures that were grown under standard conditions (as defined above). All measurements were performed for triplicate cultures. Samples for both Fe quantification and cell counts were taken every second day under anoxic (N 2 -flushed syringes) and sterile conditions. Fe samples were immediately stabilized in 1 M HCl (100 μl sample in 900 μl HCl). Samples for cell counts were fixed with paraformaldehyde (PFA, 4% final concentration). All samples were stored at 4
• C in the dark until analysis. , ASW salts) and on liquid LB-ASW medium (same as LB but without agar). Growth was evaluated visually by changes in colors and turbidity of the culture medium and by fluorescence microscopy. Cultures where growth occurred were transferred for at least one more time on the same substrate to confirm growth. In cultures grown under phototrophic conditions, the purity of the cultures was checked by comparing the total cell number (cells stained with SYTO 9 (Molecular Probes)) to the number of autofluorescent cells. Therefore, a sample of each culture that showed growth was fixed with PFA (4% final concentration) and stored at 4
Alternative growth substrates
• C in the dark until further analysis.
Light dependence of Fe(II) oxidation rates
To quantify the dependence of Fe(II) oxidation rates on light intensity, incubations with the photoferrotrophic isolate from Norsminde Fjord were made at different light intensities. Therefore, cultures were incubated at different distances from a fluorescent light tube (15 W, 5500 K). The resulting light intensities were as follows: 46, 470 and 1270 lux. All incubations were performed in triplicates. A negative control was incubated in the dark (wrapped in tinfoil). Samples for Fe quantification were taken every second day, as described above.
pH dependence of Fe(II) oxidation rates
For quantifying the effect of pH on Fe(II) oxidation rates, the isolate from Norsminde Fjord was incubated in medium with different pH values, ranging from pH 6.0 to 9.1. The incubations were performed in 50 ml serum vials containing 22.5 ml ASW medium and 2.5 ml inoculum. The pH of the medium was adjusted by either adding 1 M HCl or 0.5 M Na 2 CO 3 . The tested pH values were as follows: 6.0, 6.3, 6.5, 6.7, 7.0, 7.2, 7.3, 7.6, 7.9, 8.4 and 9.1. Incubations for all pH values were carried out in triplicates. Samples for Fe quantification were taken every second to third day over a period of 14 days. Additionally, samples were taken after 24 days to ensure that in samples where in the first 14 days no Fe(II) oxidation was detected, there was still no Fe(II) oxidation. Sampling for Fe quantification was done as described above for the standard growth curve.
Temperature dependence of Fe(II) oxidation rates
To quantify the temperature dependence of Fe(II) oxidation rates of the isolate from Norsminde Fjord, cultures were incubated at different temperatures, ranging from 7
• C to 45
• C at a light intensity of 380 lux. The tested temperatures were as follows: 7
• C, 37
• C and 45
• C. At each temperature, triplicate cultures were incubated. Samples for Fe quantification were taken every second to third day over a period of up to 16 days. At the lowest temperature, an additional sample was taken after 22 days.
Salinity dependence of Fe(II) oxidation rates
For quantifying the salinity dependence of Fe(II) oxidation rates, the isolate from Norsminde Fjord was grown on medium with different mixing ratios of an ASW medium (adjusted to a salinity of 50) and a freshwater medium (Modified Wolfe's Mineral Medium, MWMM). Per liter, the ASW medium with a salinity of 50 contained the following salts: 37.6 g NaCl, 18. ) ). The salinity range tested was consequently 1.6 (only MWMM) to 50 (only ASW) and within that range eight different salinities were tested in triplicates. The tested salinities were 1.6, 2. 6, 6.4, 11.3, 16.1, 25.8, 35 .5 and 50. For quantification of Fe(II) oxidation rates at different salinities, initially every second day samples were taken. After 10 days, the sampling interval was changed to 5-6 days.
Fe(II) oxidation by Chlorobium luteolum DSM 273
To determine whether C. luteolum DSM 273, which is the closest relative of our isolate (98% sequence identity), is able to oxidize Fe(II), a culture of C. luteolum DSM 273 was purchased from the DSMZ, Germany. To test the strains' ability to phototrophically oxidize Fe(II), we incubated this strain at different Fe(II) concentrations (100 μM to 10 mM) and tested two different media, i.e. ASW medium with a salinity of 23 and the medium recommended by the DSMZ. The viability of the strain was confirmed by growing it under the standard growth conditions suggested by the DSMZ (with H 2 S as electron donor). To test for the toxicity of Fe(II) and H 2 S, we also cultivated C. luteolum DSM 273 in medium containing varying concentrations (100 μM to 1 mM) of either only Fe(II), only H 2 S or a combination of Fe(II) plus H 2 S.
Microscopic analysis of photoferrotrophs
Cell counts
Relative cell counts of abundances of autofluorescent Chlorobium sp. cells and total cells were done in order to confirm the purity of the culture. These counts were done for cultures of the isolate that were grown on different substrates under phototrophic conditions. For the counts, the cells were immobilized on glass slides. Therefore, a sample of the culture (that was fixed with PFA) was diluted 1:10 with 1×PBS and mixed 1:1 with 0.2% ca. 40
• C warm agarose. A drop of this mixture was applied on glass slide and dried at 60 • C. Cells were stained with SYTO 9 (Molecular Probes) and CitiFlour AF1 was added onto the glass slide. Cells were counted using a Leica DM 6000 epifluorescence microscope. In random view fields 500 green fluorescent, SYTO nine stained cells were counted (filter set L5; excitation filter: BP480/40 nm; dichromatic mirror: 505 nm; suppressor filter: BP 527/39). In the same view fields, the number of red autofluorescent cells was counted (filter set Y3 (excitation filter: BP 543/30; dichromatic mirror: 565 nm; suppressor filter: BP 610/75)). The red autofluorescence of Chlorobium sp. was reported before (e.g. Bird and Karl 1991; Tuschak, Glaeser and Overmann 1999) . For quantitative cell counts of a culture that was grown with Fe(II), the Fe(III) minerals formed during Fe(II) oxidation needed to be dissolved first. To this end, the PFA-fixed cell suspension was mixed 1:10 with an oxalate solution (per liter: 28 g (NH 4 ) 2 C 2 O 4 * H 2 O and 15 g C 2 H 2 O 4 ) and incubated for 1 h to dissolve Fe(III) minerals. After Fe(III) mineral dissolution, the sample was centrifuged (7 min; 13 000 g), the supernatant was discarded and the pellet was resuspended in 200 μl of 1×PBS. To immobilize the cells, they were filtered on a black polycarbonate filter (GTTB, 0.2 μm pore size, Millipore). 1/8 of a filter was used for cell counts. To fix the cells on the filter, the filter piece was dipped into a drop of ca. 40
• C warm 0.2% agarose and dried at 60
• C. Afterwards, the filter was mounted on a glass slide with one drop of CitiFlour and the cells were stained with the LIVE/DEAD BacLight Bacterial Viability Kit (Molecular Probes). Cells were counted using a Leica DM 6000 epifluorescence microscope with the L5 filter. At least 70 counting grids or 500 cells were counted per sample. The dilution of the sample was optimized to reach cell numbers of 30-100 cells per counting grid.
Helium-ion microscopy
A sample of a culture that was grown under standard conditions (10 mM FeCl 2 , 20
• C, pH 6.8-7.0) was fixed overnight with glutaraldehyde (2.5% final concentration) at 4 • C. Afterwards, cells
were washed twice with NaHCO 3 buffer (30 mM). Dehydration was performed by an ethanol dilution series with increasing ethanol concentrations (30%, 70%, 95% and 2 × 100%). Samples were then immersed in hexamethyldisilazane (HMDS; SigmaAldrich St. Louis, USA) twice for 30 s and dried at room temperature. No coating was applied to the samples as it is one of the advantages of using HIM. Imaging was performed with a Zeiss Orion NanoFab HIM (Carl Zeiss, Peabody, MA, USA) (Joens et al. 2013) .
Identification of Fe minerals produced during photoferrotrophic growth
The Fe-mineral precipitates of the Norsminde Fjord isolate, grown under standard conditions (10 mM FeCl 2 , 20
• C, pH 6.8-7.0), were analyzed by Mössbauer spectroscopy. Due to the potential presence of oxygen-sensitive Fe(II)-containing minerals, samples were prepared inside an anoxic glovebox (100% N 2 ). Ten milliliters of culture were filtered with a 0.45-μm syringe filter which was then fixed between two stripes of Kapton tape and stored frozen in a Schott bottle filled with N 2 until measurements. For measurements, the sample was inserted into a closed-cycle exchange gas cryostat (Janis cryogenics). Spectra were recorded at 77 K and 5 K in transmission geometry using a constant acceleration drive system (WissEL). A 57 Co source embedded in a Rhodium matrix was used as gamma radiation source. The sample spectra were calibrated against a 7-μm thick α-57 Fe foil at room temperature. The RECOIL software suite (University of Ottawa, Canada) was used for the calibration and the modeling of the spectra. The spectra were modeled using Voigtbased line shapes. The Lorentz half-with-half-maximum value was kept constant at 0.141 mm s −1 (determined from the minimum line width of the 3 and 4 peaks of the calibration foil) in the models, and the Gauss' sigma (σ ) parameter was used to account for line broadening until the fitting was reasonable. The sample spectra were analyzed in respect to the center shift values (CS), the quadrupole shift or splitting (ε, QS) and the hyperfine field (H).
Quantification of Fe(II) and Fe(III) concentrations and calculation of Fe(II) oxidation rates
The concentrations Fe(II) and total Fe in the samples that were stabilized with HCl were determined with the spectrophotometric Ferrozine assay (Stookey 1970 
RESULTS
Isolation and phylogenetic analysis
Hungate tubes containing ASW medium amended with 10 mM Fe(II) and an inoculum of Norsminde Fjord sediment showed the first orange rusty patches after 4 to 5 weeks of incubation in the light (as described previously, Laufer et al. 2016) , suggesting the activity of phototrophic Fe(II) oxidizers. Cell growth was confirmed by fluorescence microscopy (data not shown). The highest dilution tube showing Fe(II) oxidation and presence of cells was used for the preparation of a further dilution series. After transfers over more than 10 dilution series, the cell morphology in the Norsminde Fjord culture was homogeneous. In fluorescence microscopy, the cells appeared to be small rods that are ca. 1.5-1.8 μm long and 0.5-0.6 μm wide. During the isolation procedure, sulfate was the only S source indicating that our isolate, like its close relatives Chlorobium luteolum and C. ferrooxidans (Heising et al. 1999; Frigaard and Bryant 2008) , is not dependent on sulfide as a S source. The phylogenetic relationship of the isolate with its closest relatives and other known photoferrotrophs from the purplesulfur and purple non-sulfur bacteria based on the 16S rRNA gene is shown in Fig. 1 . Phylogenetic analysis revealed that the closest relative of our photoferrotrophic culture from Norsminde Fjord is C. luteolum DSM 273 (Schmidle 1901; Pfennig and Trueper 1971) with 98% sequence identity. The closest relative photoferrotrophic strain is C. ferrooxidans KoFox (Heising et al. 1999 ) with 94% sequence identity. We designated the name Chlorobium sp. strain N1 to our isolate.
Physiological characterization
Fe(II) oxidation and growth
Under standard growth conditions (10 mM FeCl 2 , 20
• C, pH 6.8-7.0), we found maximum Fe(II) oxidation rates of 0.77 ± 0.02 mM d −1 . Within 11 days 94% and after 16 days, 97% of the Fe(II) was oxidized (Fig. 2) . Concurrent with Fe(II) oxidation, cell numbers in the culture were increasing from initially 3.1 × 10 7 cells ml −1 to 6.7 × 10 8 cells ml −1 after 11 days, yielding a doubling time of ca. 0.4 days (9.6 h). With the amount of oxidized Fe(II) and the experimentally determined increase in cell numbers, we can estimate a stoichiometry of Fe(II) oxidized to C fixed . Within 11 days, per ml 6.4 × 10 8 cells were formed and per ml 0.008 mmoles Fe(II) were oxidized. Assuming an average dry weight of a microbial cell of 0.2 × 10 −12 g and a carbon content of 50% per cell weight, as commonly assumed for soil and subsurface bacteria (Bratbak and Dundas 1984; Whitman, Coleman and Wiebe 1998), we can estimate that the ratio of Fe(II) oxidized to C fixed was 1.5:1. This value is lower than the 4:1 stoichiometry that is expected when following Equation 1. The difference between the theoretical value and the estimated value based on the experimental data is likely explained by the estimations for weight and C content per cell used for this calculation. To reach the 4:1 stoichiometry, the cells would need to be about 62% smaller than the theoretically assumed value, yielding an average C content per cell of 3.8 × 10 −14 g (dw) and a cellular size of about 1.8 × 0.5 μm, what fits well to the above described cell size. To determine a more accurate stoichiometry of Fe(II) oxidized to C fixed it would be necessary to actually quantify the increase in organic carbon in the culture during growth on Fe(II).
Alternative growth substrates
Tests for phototrophic growth on alternative substrates revealed that the isolate from Norsminde Fjord can grow phototrophically with several other organic and inorganic electron donors (Table 1 ). On most substrates on which growth was observed, growth was fast and a greenish color, indicative for pigments of green-sulfur bacteria, was observed within <1 week. The only exceptions were H 2 and elemental sulfur, where a greenish color was detected only after >2 weeks and >1 month, respectively. Cultures that showed growth were at least transferred one more time on the same substrate to confirm growth-related consumption of this substrate. Furthermore, the comparison of total cell numbers and the number of autofluorescent cells for cultures grown under phototrophic conditions showed that 97.8%-100% of the total cells were also autofluorescent (Table S1 ; Fig. S1 , Supporting Information). We did not observe growth with synthetic FeS (Table S1 ) what was surprising because the isolate grew both with either Fe(II) or H 2 S in individual setups. Additionally, no growth was found with any of the tested complex media under oxic conditions. We did also not detect anaerobic growth by reduction of Fe(III), SO 4 2− or NO 3 − . Based on the results of the cell counts and the lack of growth in the dark (with organic carbon and sulfate, nitrate or Fe(III) as electron acceptor), we are confident to claim that we have a pure culture of GSB and we can rule out the possibility of having a secret sulfur cycle (e.g. by a sulfate reducer that is able to use organics as e-donor in the dark).
Light dependence of Fe(II) oxidation rates
We found a sharp increase of Fe(II) oxidation rates between 0 and 470 lux and a less steep increase between 470 and 1270 lux (Fig. 3A) . At light intensities of 1270 and 470 lux, only a short lag phase of 3 days was observed whereas at 47 lux a longer lag phase of 7 days occurred (Fig. S2, Supporting Information) . Fitting a Michaelis-Menten kinetic model to the calculated rates revealed that half-light saturation (K m ) was reached at a light intensity of 220 lux and the maximum light dependent Fe(II) oxidation rates were around 0.59 mM d −1 . The fit of the model was good and yielded a R 2 of 0.99 (Fig. 3A) .
pH dependence of Fe(II) oxidation rates Fe(II) was oxidized between pH 6.3 and 8.4 with an optimum at pH 7.0-7.3, where Fe(II) oxidation rates of 0.53-0.54 mM d −1 were reached (Fig. 3B, Fig. S3 , Supporting Information). Between pH 6.7 and 7.9, no lag phase was observed while at pH 6.3, 6.5 and 8.4 a lag phase of 7 days was observed (Fig. S3) . Within 24 days of incubation, no Fe(II) oxidation was detected at the lowest and highest tested pH values of 6 and 9.1 ( Fig. 3B ; Figs S3 and S4, Supporting Information). 
Temperature dependence of Fe(II) oxidation rates Fe(II) was oxidized between 10
• C and 37
• C ( Fig. 3C; Fig. S5 (Fig. 3C) . No lag phase was observed at all temperatures except for the 10 • C incubation, where a lag phase of 10 days was found (Fig. S5 ).
Salinity dependence of Fe(II) oxidation rates
The Fe(II) oxidation rates determined in this experiment were generally rather low compared to the rates found in the other experiments. Fe(II) was oxidized at all tested salinities at comparable rates, with the exception of the highest tested salinity, where the rates were significantly lower ( Fig. 3D; Fig. S6 , Supporting Information). No lag phases were observed at salinities from 1.6 to 25.8. At salinities of 35.6 and 50, a lag phase of 6 days was observed (Fig. S6 ).
Fe(II) oxidation tests with the closest relative, Chlorobium luteolum DSM 273
We did not observe any Fe(II) oxidation by C. luteolum DSM 273 under all conditions tested. However, in the simultaneous presence of Fe(II) and H 2 S, that formed FeS as indicated by a black precipitate, growth was observed. Growth occurred without oxidation of Fe(II), suggesting that the culture was growing by oxidation of sulfide released from the FeS. These results suggested that the Fe(II) is not toxic to this strain, but that this microorganism is not able to oxidize Fe(II).
Microscopic investigation of cell-mineral aggregates formed by the photoferrotrophic isolate
Fluorescence microscopy analysis of the isolate from Norsminde Fjord that was grown on Fe(II) revealed a close association of cells and Fe(II) minerals (Fig. 4) . Almost all cells were attached to minerals. HIM imaging of the culture also revealed a close association of cells and minerals, the absence of encrusted cells and clearly demonstrated that the cell surfaces are smooth and free of Fe(III) minerals (Fig. 4) .
Identification of Fe minerals present in cultures of the photoferrotrophic isolate
After 7 days of incubation under standard conditions (10 mM FeCl 2 , 20
• C, pH 6.8-7.0), when ca. 70% of the Fe(II) was oxidized ( Fig. 2) , a sample for identification of Fe mineralogy by Mössbauer spectroscopy was taken. At 77 K, the Mössbauer spectrum showed two clearly separated paramagnetic doublets (Fig. 5) . The narrow one with a center shift (CS) = 0.46 mm/s and a quadrupole splitting (QS) = 0.78 mm/s (Table S2 , Supporting Information) consists of two components (not shown here) and corresponds to Fe(III) oxyhydroxide (Murad and Schwertmann 1980) . The wider one has a CS = 1.28 mm/s and a QS = 2.86 mm/s indicating a Fe(II) phase (Murad 2010) . At 5 K, a sextet has been established that is characterized by very broad absorption lines with inner line broadening (Fig. 5) . In total five different sextets with hyperfine field (H) values ranging in total from 30 T to 49 T were needed to fit this absorption pattern (Table S2 ). The sextet with the lowest H value (S5) is collapsed (Fig. 5) . When lowering the temperature to 5 K, the Fe(II) phase is still present, but with a lowered QS of 1.25 mm/s (Table S2) . On the one hand, the lack of magnetic splitting at 77 K which would be indicative of more crystalline Fe(III) phases suggests that mainly an amorphous or poorly crystalline Fe(III) phaselike ferrihydrite exists. On the other hand, the occurrence of several sextets including a collapsed one at 5 K with partly negative quadrupole shift (ε)values does not support the presence of ferrihydrite only. Instead, the fit suggests a more complex mixture of Fe(III) minerals potentially consisting of ferrihydrite, akaganeite and/or lepidocrocite. Alternatively, the sextets could represent different degrees of structural distortion of the Fe(III) mineral due to association of organics or incorporation of other cations. The presence of a collapsed sextet at 5 K is very unusual because it indicates the transition from paramagnetic to magnetic behavior of a Fe phase, but even amorphous ferrihydrite is already magnetically ordered at temperatures above 5 K. That means that a highly disturbed amorphous Fe(III) phase must be present in the mineral sample produced by our phototrophic Fe(II) oxidizer.
DISCUSSION
Physiology of the isolated marine anoxygenic phototrophic Fe(II)-oxidizing green-sulfur bacterium-implications for the ecological niche occupation of these Fe(II) oxidizers
The photoferrotrophic isolate from Norsminde Fjord presented here is only the third isolate of a photoferrotrophic green-sulfur bacterium, and the first isolate from a marine sediment. The other two isolates are the freshwater photoferrotrophic greensulfur bacteria Chlorobium ferrooxidans KoFox, and C. phaeoferrooxidans that were isolated from a ditch close to the University of Konstanz (Germany) and ferruginous waters of Lake Kivu (East Africa), respectively (Heising et al. 1999; Llirós et al. 2015; Crowe et al. 2017) . Additionally, there are further recent reports about natural populations of photoferrotrophic green-sulfur bacteria in stratified lakes (Crowe et al. 2008; Walter et al. 2014; Llirós et al. 2015) . Our isolate is the first photoferrotrophic green-sulfur bacterium that was isolated from a marine habitat, and it has therefore potential to be used as a model strain for reconstruction of photoferrotrophy in ancient oceans. Besides our novel green-sulfur photoferrotrophic isolate, there are two further isolates of phototrophic Fe(II) oxidizers from marine sediments, the purple non-sulfur bacteria Rhodovulum iodosum and R. robiginosum, which were both isolated from a mud flat in the German Wadden Sea (Straub, Rainey and Widdel 1999) . Compared to the isolate from Norsminde Fjord, these strains have a much more narrow pH range and only oxidize Fe(II) between pH 6.3 and 6.8 (Straub, Rainey and Widdel 1999) . The pH range in which Fe(II) oxidation was possible for our isolate (6.3-8.5) was much broader than for the two Rhodovulum strains and was overlapping with the range of the freshwater isolates (5.5-7.5; Hegler et al. 2008) but was shifted more towards higher pH ranges (6.3-8.5 ). This is beneficial considering that the pH of seawater is around 8 and that the pH in the pore water of the anoxic layers of sunlit sediments usually varies between ca. 8.0 and 6.9 (Ben-Yaakov 1973; Marion et al. 2011) and implies that our isolate is much better adapted to perform Fe(II) oxidation in marine habitats than the two Rhodovulum strains.
A specific characteristic of green-sulfur bacteria is that they are well adapted to low-light conditions (Overmann 2006) . Compared to C. ferrooxidans strain KoFox, which reaches light saturation already below 50 lux , our isolate has a relatively high half-light saturation of 220 lux and reaches saturation only above 400 lux, above which Fe(II) oxidation rate is not further increasing. However, the Fe(II) oxidation rate of our isolate under standard conditions (0.77 ± 0.02 mM d −1 , at 20
• C and 380 lux) was comparable to the rate measured for strain KoFox (0.82 ± 0.7 mM d −1 at 20 • C and 450 lux) (Gauger et al. 2016 ).
More precise rate measurements with more frequent sampling time points and under lower light intensities should be made to more precisely determine the Fe(II) oxidation rates of the isolate at low-light intensities. In addition to their adaptation to relatively low-light intensities, a further characteristic of the green-sulfur bacteria of the Chlorobiaceae family is that they are generally very restricted in their metabolic capacities. They are obligately phototrophic and strictly anaerobic (Overmann 2006; Imhoff 2014) . With only one exception, which is the Fe(II)-oxidizing C. ferrooxidans KoFox (Heising et al. 1999) , all Chlorobiaceae can oxidize sulfide, elemental sulfur and some can also use thiosulfate and sulfite (Trüper 1981; Imhoff 2014) . As a green-sulfur bacterium, our new isolate from Norsminde Fjord is remarkable since it uses, besides different inorganic substrates like H 2 S or H 2 , also a broad range of organic compounds, including fatty acids, alcohols, sugar and even yeast extract for growth. In general, green-sulfur bacteria can only use a limited range of organic compounds (Trüper 1981) in their carbon metabolism. For most Chlorobiaceae only acetate and pyruvate are known to be used and only in the presence an inorganic electron donor-like hydrogen (Imhoff 2014) . Due to these limited metabolic capacities, the ecological niche of greensulfur bacteria is rather restricted and usually they are thought to only occur in the narrow zone where the gradients of oxygen and sulfide overlap in sunlit environments. The finding of broad range of growth substrates, which can be used by our isolate from Norsminde Fjord, widens the ecological niche of this bacterial group.
Absence of oxidation of FeS minerals by the isolated green-sulfur photoferrotroph-implications for Fe(II) oxidation mechanism
Despite the ability of the photoferrotrophic isolate to grow on Fe(II) and H 2 S (when these substrates are provided individually), it could not grow on synthetic FeS. Usage of FeS as an electron donor would be an important capability for this marine photoferrotroph, as this Fe(II) mineral is present in significant quantities in marine sediments (Canfield 1989; Moeslund, Thamdrup and Jørgensen 1994) . Kappler and Newman (2004) showed that the freshwater photoferrotrophs Rhodobacter ferrooxidans strain SW2, C. ferrooxidans strain KoFox and Thiodyction sp. strain F4 were able to grow on FeS, however, with significantly lower Fe(II) oxidation rates compared to growth on ca. 5 mM dissolved Fe(II). Their measurements suggest that the FeS used in their study was relatively soluble and the strains were probably oxidizing dissolved Fe(II) rather than the solid substrate. Fe(II) oxidation rates would then be controlled by the dissolution rates of the used FeS mineral. Since such a behavior was not observed in our experiments, it is likely that in our incubations the FeS was less soluble, probably due to the age and crystallinity which might have been higher for our used FeS (Berner 1967; Rickard 2006) . Therefore, the Fe(II) and the sulfide concentrations were obviously too low to support growth of our isolate. This also means that our isolate is probably not able to use solid-phase electron donors and implies that, as suggested before, Fe(II) oxidation is happening in the periplasm and requires a dissolved Fe(II) species (Croal, Jiao and Newman 2007) .
To understand the mechanism of Fe(II) oxidation, it is essential to identify the molecular components involved in Fe(II) oxidation. A study that searched for homologs of a gene that was recently proposed to encode for an outer membrane cytochrome that is involved in microaerophilic Fe(II) oxidation, Cyc2 PV-1 , found this gene to be present in the genome of the Fe(II)-oxidizing green-sulfur bacterium C. ferrooxidans strain KoFox and other sulfur-oxidizing species of the Chlorobiaceae, including C. luteolum DSM 273, the closest relative of our photoferrotrophic isolate from Norsminde Fjord (Kato et al. 2015) . Cyc2 PV-1 shares homology with the outer membrane Fe oxidase of acidophilic Fe(II) oxidizers (Castelle et al. 2008; Barco et al. 2015) . This indicates that the oxidation of solid-phase Fe(II) should be possible when the cells can have direct contact with the solid substrate. However, although the closest relative of our isolate, C. luteolum DSM 273, also contains a homolog of this gene, it was unable to oxidize Fe(II). This could either be just a result of the incubation conditions, although we tested different Fe(II) concentrations and different media, or it could also be that genes encoding other proteins involved in Fe(II) oxidation, which are yet not known, are missing in this strain. Indeed, there is one photoferrotrophic strain that is known to be able to oxidize solid-phase Fe(II), i.e. the purple non-sulfur bacterium Rhodopseudomonas palustris TIE-1, which was even shown to be able to grow on electrodes or on magnetite, which is a mixed Fe(II)/Fe(III) mineral (Bose et al. 2014; Byrne et al. 2015) . However, for the majority of the remaining isolates, including our isolate, evidence for the ability to use solid-phase Fe(II) as electron source is missing.
Minerals produced by the photoferrotrophic isolate from Norsminde Fjord
Mössbauer spectroscopy revealed that the product of microbial Fe(II) oxidation by the isolate from Norsminde Fjord, the Fe(III) minerals, consists of a mixture of poorly crystalline and/or short range ordered Fe(III) minerals such as ferrihydrite, lepidocrocite and/or akaganeite, similar to previous studies with photoferrotrophic bacteria (Straub, Rainey and Widdel 1999; Kappler and Newman 2004; Wu et al. 2014; Gauger et al. 2016) .
Microscopic analyses showed a close association of cells and minerals, but mostly non-encrusted cells, as previously observed for photoferrotrophic bacteria (Jiao et al. 2005; Schädler et al. 2009; Gauger, Konhauser and Kappler 2015; Gauger et al. 2016) . Wu et al. (2014) also found a close association of cells and Fe(III) minerals in marine photoferrotrophs but no encrustation of cells with Fe(III) minerals. By confocal laser scanning microscopy using different specific dyes they could determine that the Fe(III) instead was closely associated with extracellular polymeric substances (EPS), suggesting that EPS can help to prevent cell encrustation with Fe(III) minerals (Schädler et al. 2009; Wu et al. 2014) . A tight association of organics and minerals is also possible in strain N1 because of the presence of a poorly ordered sextet phase in the 5 K spectrum which is not expected of pure short range ordered phases (e.g. ferrihydrite, lepidocrocite or akaganeite) and perhaps indicates the presence of organics which constrained the mineral growth (Chen, Kukkadapu and Sparks 2015; Mehlhorn et al. 2016) .
Potential for photoferrotrophy in situ in the sediment of Norsminde Fjord
In the sediment from Norsminde Fjord, bacteria are exposed to dynamic conditions including fluctuations of salinity, temperature, pH or light intensity. These changes can occur on a short-term (hours-days) and long-term (weeks-months) timescale. Temperatures in the upper few mm of the sediment can vary from close to or even below zero in winter to 30
• C -40 • C in summer when solar irradiation is heating the shallow-water sediment. The isolate is well adapted for the higher range of temperatures, but less good for the lower temperature range. However, it was found that at low temperatures (around 2 • C -5
• C), when bacterial activities in the sediment are generally lower, oxygen is penetrating deeper into the sediment (5-6 mm) than light (ca. 2 mm) (Laufer et al. 2016) . Therefore, in winter the activity of green-sulfur bacteria or any other anoxygenic phototrophic bacteria that are strict anaerobes should be inhibited by oxygen. Our isolate from Norsminde Fjord can also cope remarkably well with changes in salinities. This is a significant advantage in an estuarine sediment, such as in Norsminde Fjord sediment, where we measured salinities ranging from 14 to 23 (Laufer et al. 2016) . However, based on wind and precipitation probably also much lower salinities can be encountered. Also the pH range of the isolate fits well to the conditions that are found in the sediment from Norsminde Fjord (Laufer et al. 2016) . In summary, based on the physiological characteristics of the photoferrotrophic isolate and the geochemical characteristics of the sediment of Norsminde Fjord, the isolate should be able to perform Fe(II) oxidation in situ in the sediment as long as temperature is not too low. Based on the metabolic capabilities and the resulting potential for metabolic flexibility of the isolate from Norsminde Fjord, one major question remaining is, what is the metabolism on which strain N1 actually lives in situ in the sediment? In the sediment from Norsminde Fjord, the isolate probably has simultaneously access to several possible electron donors including Fe(II), different organic compounds or H 2 S. It is known that whether a photoferrotroph prefers Fe(II) or organic compounds, when both are available simultaneously, depends on the identity of the carbon source (Melton et al. 2014a) and that the preferences are different for different strains (Ehrenreich and Widdel 1994) . Some strains are even known to oxidize organic carbon and Fe(II) simultaneously (Ehrenreich and Widdel 1994; Melton et al. 2014a ). It has also been shown that organic carbon can stimulate phototrophic Fe(II) oxidation (Kopf and Newman 2012) . Also for C. ferrooxidans strain KoFox, it was shown that Fe(II) oxidation is stimulated in the presence of hydrogen, acetate, pyruvate, fumarate, cysteine or thiosulfate, despite it could not grow on thiosulfate alone (Heising et al. 1999) . Thus, the presence of organic carbon or other inorganic electron donors, which are thermodynamically even more favorable than Fe(II), does not necessarily lead to a preference of these substrates over Fe(II). To the best of our knowledge, there is currently no study involving Fe(II)-oxidizing bacteria that has investigated the co-occurrence of several potential electron donors, including Fe(II), at environmentally relevant concentrations, which would be necessary to draw reliable conclusions about the metabolism on which these bacteria live in their natural habitats. It has to be elucidated in future experiments which substrate the photoferrotrophic isolate from Norsminde Fjord would prefer when it has access to several electron donors at environmentally relevant concentrations and if it can use concurrently Fe(II) and other organic or inorganic substrates with a growth benefit.
Suitability of the isolate from Norsminde Fjord as a model organism for photoferrotrophy on early Earth
Conditions suggested for the Archean when photoferrotrophs could have thrived and contributed to the production of Fe(III) minerals that formed the BIFs (Konhauser et al. 2002; Kappler et al. 2005; Posth, Konhauser and Kappler 2013 ) fit well to the physiological range of our photoferrotrophic isolate from Norsminde Fjord. In addition to high Fe(II) concentrations in the Archean of 50 μM to 1 mM (Holland 1973; Morris 1993) , it is known that the Archean atmosphere was anoxic (Saito, Sigman and Morel 2003; Canfield 2005) . The salinity of the Archean ocean was probably up to two times the present salinity (Knauth 2005) , while sulfate concentrations were low (Crowe et al. 2014) , and dissolved silica concentrations were high (>1 mM) (Treguer et al. 1995; Jones et al. 2015) . The pH is assumed to have been >6.5 (Saito, Sigman and Morel 2003) . The estimates for temperatures in the Archean ocean range from 10
• C to 85
• C (Knauth 2005; Kasting et al. 2006; Robert and Chaussidon 2006; Jaffrés, Shields and Wallmann 2007; Shields and Kasting 2007) , with temperatures around 10
• C-33
• C being most likely (Kasting et al. 2006; Posth et al. 2008) . In summary, the photoferrotrophic isolate from Norsminde Fjord would be able to thrive under conditions that prevailed in the Archean, however, only in the lower range of the estimates for salinity and temperature. It furthermore remains to be tested how the strain can cope with high silica concentrations. Only recently a study by Gauger et al. (2016) demonstrated that the presence of dissolved silica even stimulated Fe(II) oxidation rates of the freshwater photoferrotroph C. ferrooxidans KoFox probably because silica decreased the toxicity of Fe(II) due to changes in Fe complexation and Fe speciation (Gauger et al. 2016) .
